Abstract: The aim of the study was to identify polymorphisms within nuclear DNA genes and determine their association with the performance traits of farmed raccoon dogs. The study involved 354 animals and their breeding documentation data. Myostatin (MSTN), insulin-like growth factor 1 (IGF1), and growth hormone (GHR) genes were amplified, sequenced, and subjected to bioinformatics and statistical analysis. Estimation of variance components was performed with the residual maximum likelihood (REML) method, and best linear unbiased prediction (BLUP) of the breeding values was carried out. The predictors of the traits of direct additive, maternal additive, and random-specific maternal environmental effects were analysed. Within the nucleotide sequences of the analysed genes, one silent single nucleotide polymorphism (SNP) was identified in exon 1 of the MSTN gene. The analysis of the variance of the fixed-specific maternal environmental effect revealed statistically significant differences in the body weight among raccoon dogs with alternative polymorphisms. The mean effects of the estimators of polymorphism addition and dominance measured by MSTN gene regression had mostly a significant impact on the level of the traits estimated in animals. There was statistically significant association of the polymorphism in the MSTN gene with the body weight in raccoon dogs, which validates selection thereof as a candidate gene for this economically most important performance trait of raccoon dogs.
Introduction
The raccoon dog (Nyctereutes procyonoides procyonoides), representing the family Canidae, is bred on fur-bearing animal farms. Breeders aim at production of the largest pelts with high hair coat quality. The performance traits in raccoon dogs include qualitative parameters with an intermediate or high level of heritability. Breeding protocols implemented on farms are targeted at increased animal body weight and improvement of hair coat quality. Currently, selection of animals for mating is based solely on the values of phenotypic traits (Lorek et al. 2001; Gugołek et al. 2002; Ślaska et al. 2007 ). Yet, there is ongoing research focused on searching for molecular markers associated with economically important traits in fur-bearing animals that can be taken into account in animal selection targeted at faster breeding progress (Ślaska et al. 2007 , 2016 Zatoń-Dobrowolska et al. 2014) .
Intensive development of molecular genetics has brought a number of discoveries related to the raccoon dog genome and their application potential. In recent years, a phenomenon of the presence of paternal half-siblings in one raccoon dog litter has been described (Ślaska and Jeżewska 2008a) . In addition, molecular differences between farmed and wild-living raccoon dogs have been found (Ślaska 2010; Ślaska and Grzybowska-Szatkowska 2011) and a number of quantitative trait loci (QTL) that may contain genes determining the performance traits in this animal species have been identified in the raccoon dog genome (Ślaska et al. 2007; Ślaska 2010) . Also, association of mitochondrial DNA haplotypes with performance traits in raccoon dogs has been reported (Ślaska et al. 2016) .
Analyses of the genetics of quantitative traits carried out in fur-bearing animal populations mainly involve identification of single nucelotide polymorphism (SNP) and short tandem repeat polymorphisms, and attempt at finding the association between these polymorphisms and important performance traits in examined species (Elo et al. 2006; Ślaska et al. 2007 , 2016 Du et al. 2010; Ślaska 2010; Zatoń-Dobrowolska et al. 2014) . This is particularly important from the point of view of breeding, as development of modern genotyping methods has provided a new source of information that can be used for selection of farm animals. Association studies focus on genes with a proven impact of their expression products on the performance and functional traits of various farm animal species (Siadkowska et al. 2006; Rodgers and Garikipati 2008; Ślaska and Jeżewska 2008b; Du et al. 2010) . Insulin-like growth factor 1 (IGF1) genes and growth hormone (GHR) genes were identified in previous investigations (Ślaska 2010 ) and localised near QTL; hence, they were regarded as candidate genes for production traits in raccoon dogs (body weight and coat colour purity). In turn, myostatin gene (MSTN) was chosen for the analyses due to the proven association of the polymorphisms identified therein with the body weight of various animal species (Rodgers and Garikipati 2008) , including a representative of the family Canidae, i.e., the domestic dog (Mosher et al. 2007 ). This suggests its important role in determination of traits that are relevant, particularly in fur-bearing animal breeding, i.e., body weight and size, as well as the animal conformation.
The aim of the present study was to identify polymorphisms within nDNA gene fragments (MSTN, IGF1, and GHR) and determine their association with the performance traits of farmed raccoon dogs.
Materials and Methods
The investigations involved 354 farmed raccoon dogs representing the brown colour type. Whole peripheral blood sampled intravitally into sterile tubes supplemented with the K 2 EDTA anticoagulant was the material for the genetic analyses.
Molecular methods
The sampled material was used for isolation of total DNA using the QIAGEN DNeasy Blood & Tissue Kit. The isolated genomic DNA was subjected to qualitative and quantitative assessment. Gene fragments selected in the isolated genetic material were amplified using a Labcycler (SensoQuest) thermocycler: MSTN, three fragments (MSTN1-MSTN3) comprising three exons, two introns, and the 3′ flanking region, IGF1, and GHR. The primer sequences were taken from the literature: MSTN1 (F: 5′-TCACTGGGGTGGCAAGTTGT CTCT-3′, R: 5′-CACGCAGGCGTTTTATCCTCATCT-3′), MSTN2 (F: 5′-GGACAAAAGGCTCACCAATTA-3′, R: 5′-GGAGATGGGTA GTGATTTTCCA-3′), MSTN3 (F: 5′-TATGAGCCACAAGGG AAGAATCAA-3′, R: 5′-TAGCCCCTATACTGAGCTTGTGCT-3′) (Grzes et al. 2009 ), IGF1 (F: 5′-AGCCCACAGGGTAC GGCTC-3′, R: 5′-CTTCTGAGCCTTGGGCATGTC-3′), and GHR (F: 5′-AGATCTCCTCAAGGAAGGAAAATTA-3′, R: 5′-AAGGA TGTTAAGTGATTTCTCATGG-3′) (Ślaska and Jeżewska 2008b) .
The polymerase chain reaction (PCR) temporal and thermal profile consisted in initial denaturation (95°C, 10 min), 35 denaturation cycles (95°C, 1 min), primer annealing (60°C: MSTN1, MSTN2; 62.4°C: MSTN3; 58.5°C: IGF1; 54.3°C: GHR), extension (72°C, 1 min), final primer extension (72°C, 20 min), and cooling to a temperature of 4°C. The amplicons of the analysed fragments were sequenced with the use of a BigDye Terminator version 1.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). The samples were purified on CentriSep columns following the manufacturer's protocol. The purified products were sequenced in an ABI 377 automatic sequencer (Applied Biosystems, Foster City, CA, USA). The resulting nucleotide sequences of the examined genes were analysed using bioinformatics programs (DNA Baser Sequence Assembler version 3.2, 2012, BLAST).
A genetic test was developed for a gene fragment with the identified polymorphism based on the PCR restriction fragment length polymorphism (RFLP) technique. In the case of the first fragment, MSTN1, the FastDigest BsrDI (BseMI) (Thermo Scientific) enzyme recognising a site without mutations was used. The reaction mixture was composed of water (17 μL), 10× FastDigest Green Buffer (2 μL), DNA (10 μL), and the restriction enzyme (1 μL). The mixture was vortexed and centrifuged. The next step consisted of incubation at 55°C for 15 min and enzyme inactivation at 80°C for 5 min.
The digestion products were loaded on 1.8% agarose gel and electrophoresis was carried out (400 A, 65 V, 150 min) in the presence of a ready-to-use GeneRuler™ 100 bp DNA Ladder marker. After digestion by the BsrDI enzyme, the heterozygotes exhibited three 764, 557, and 207 bp bands; homozygotes with a single gene mutation were characterised by one band with a length of 764 bp, and non-mutant gene homozygotes were identified through the presence of two 557 and 207 bp bands.
Statistical methods
The analysed material comprised breeding documentation data from the fur-bearing animal farm. The documentation was compiled in accordance with the regulation for animal breeding and reproduction on farms. The observations involved 185 raccoon dog females and 169 males; the animals were weighed and the hair coat quality was assessed at maturity. The assessment of the conformation of young raccoon dogs was carried out in accordance with the relevant evaluation standard developed by the Central Animal Breeding Office (CSHZ 1997). A point-based trait evaluation was applied with a maximum score for all traits of 20 points. The following conformation traits were assessed: body size and weight (0-6 pts.), colour type (0-3 pts.), colour purity (0-3 pts.), and hair coat quality (0-8 pts.). The phenotypic values of the raccoon dog conformation traits were as follows: body weight (g) lsm = 11093 ± 94.8; body size lsm = 5.74 ± 0.04; colour type lsm = 2.98 ± 0.01; colour purity lsm = 2.50 ± 0.04; hair coat quality lsm = 6.10 ± 0.07; and total score lsm = 17.30 ± 0.10.
Pedigree data from a four-generation population of raccoon dogs and their genotypes in nuclear gene fragments were used to determine the relationship between the genotypes and conformation traits (body weight, body size and build, colour type, colour purity, and hair coat quality) and the total conformation value.
Estimation of variance components was performed with the residual maximum likelihood (REML) method, and best linear unbiased prediction (BLUP) of the breeding values was carried out in a mixed model:
where y is an observation vector, b is the vector of fixed effects (sex, year of birth, and sex × year of birth), a is the vector of random direct additive genetic effects, m is the vector of random additive maternal effects, pm is the vector of random-specific maternal environmental effects, e is the vector of other random effects, and X, Z, Z m , and W are incidence matrices of the experimental factors. The analyses were performed with the REML and BLUP methods using BLUPF90 family programs (BGF90). The structure of the (co)variance matrix of random effects in the single-trait model was as follows: where A is the pedigree linkage matrix (additive relatedness and inbreed), σ 2 a is the direct additive variance, σ 2 m is the maternal additive genetic variance, σ 2 pm is the variance of the fixed-specific maternal environmental effect, σ am is the covariance between direct additive and additive maternal effects, and σ 2 e is an error variance. The predictors of the traits of direct additive, maternal additive, and random-specific maternal environmental effects were analysed in a model comprising the genotype and residual effects. The additive effect was assessed with the use of regression; the generated variables had values (1, 0, and −1) for genotype CC, CT, and TT, respectively. To assess the dominance effect, the generated binary variables had values (0, 1, and 0) for genotype CC, CT, and TT, respectively. The analyses were performed with the use of the GLIMMIX procedure in the SAS version 9.4 program (SAS Institute, Cary, NC, USA).
The study was approved by the II Local Ethical Commission for animal experiments in Lublin, Poland (resolution number 9/2008).
Results
Within the nucleotide sequences of the analysed nuclear genes of the raccoon dog, [i.e., three fragments of the MSTN gene (MSTN1, MSTN2, and MSTN3), IGF1, and GHR], only one silent SNP was identified in exon 1: c.C354T in the first MSTN gene fragment (MSTN1). The identified SNP was found to be synonymous (V118V). The frequency of alleles C and T was 0.546 and 0.454, respectively.
The analysis of the variance of the fixed-specific maternal environmental effect revealed statistically significant differences in the body weight among raccoon dogs with alternative polymorphisms. It was found that the animals with genotype CC were characterised by a significantly higher value of this trait than the raccoon dogs with genotypes CT and TT. Simultaneously, it was demonstrated that the animals with genotype CT had a significantly higher body weight than those with genotype TT. No statistically significant differences between the genotypes were found for the other analysed performance traits and the total conformation value ( Table 1) .
The analysis of the association of polymorphism c.C354T identified in the myostatin-encoding gene with the raccoon dog performance traits revealed no statistically significant differences for any of the analysed parameters when direct additive and additive maternal genetic effects were taken into account (data not tabulated).
The values of additive and dominance additive genetic effects, as well as the values of additive maternal genetic effects and random-specific maternal environmental effects on the analysed traits, are presented in Table 2 . The mean effects of the estimators of polymorphism addition and dominance measured by MSTN gene regression had mostly a significant impact on the level of the traits estimated in the raccoon dogs. The direct additive values were assessed to be positive for all the analysed traits. This indicated an advantageous effect of SNP on the level of these traits. Especially noteworthy are the dominance effects in the case of the body weight, hair coat quality, and total conformation value. The dominance effect of the locus increased the body weight, hair coat quality, and total conformation value.
In the case of the maternal additive genetic effects on the analysed traits, the dominance effect reduced the body weight, hair coat quality, and total conformation value in the raccoon dogs. This implied a negative impact of the heterozygous system in the polymorphic locus on the body weight, hair coat quality, and total conformation value. Given the random-specific maternal environmental effects on the analysed traits, it was found that the additive effect increased the values of the body weight, body size, and colour type. Furthermore, there was an over four-fold higher dominance effect than the addition effect on the body weight, body size, and colour type.
Discussion
The description of only one polymorphism in all the gene fragments analysed in the present study indicates a high degree of conservatism of the analysed nuclear genes in the raccoon dog. Although these genes were identified as candidate genes for the production traits of raccoon dogs by Ślaska (2010) , based on the results of scanning of raccoon dog linkage groups, which identified regions with an effect on the body weight and coat colour purity and localisation of the IGF1 and GHR genes near QTL, no polymorphisms were found in the analysed gene fragments in the present study.
Association studies of the conformation traits in polar foxes were conducted by Du et al. (2010) . They found statistically significant differences in the body weight of females and males, and in the length of pelts of females, induced by polymorphisms in the GHR gene sequence. The effect of GHR gene polymorphisms on performance traits has been proven; the gene was identified as a candidate gene for the body weight in the polar fox (Du et al. 2010) , and genes GHR and IGF1 have been localised near QTL in fur-bearing animals (Ślaska 2010) . However, no GHR and IGF1 gene polymorphisms were identified in the raccoon dog analysed in the present study. Thus, it was impossible to confirm or exclude the presence of association of the gene alleles Note: *, **, significant at P < 0.05, P < 0.01, respectively. SE, standard error. Note: *, **, significant at P < 0.05, P < 0.01, respectively.
with conformation traits in the analysed raccoon dog population.
Myostatin is a protein that serves a function of a negative regulator of skeletal muscle mass. Investigations of MSTN are important, given the previously confirmed effect of MSTN gene polymorphisms on disturbances of the biological function of protein manifested as muscular hypertrophy e.g., in mice, humans, cattle, and sheep (Rodgers and Garikipati 2008) , as well as greyhound dogs, which belong to the same family as the raccoon dog (Mosher et al. 2007 ). The MSTN gene polymorphism has also been described in fur-bearing animals from the family Canidae. Grzes et al. (2009) were the first to identify polymorphism c.C354T in farmed raccoon dogs. Its presence has been confirmed in the raccoon dog population analysed in the present study, which may indicate its common occurrence. Simultaneously, significant differences were found in the body weight among the farmed raccoon dogs with different genotypes of the MSTN gene in locus C354T, taking into account predictors of fixed-specific maternal environmental effects, which had never been reported before (Table 1) . It was shown that raccoon dogs with genotype CC were characterised by the highest body weight in the analysed group. This is the first literature report of the values of the direct additive and maternal additive genetic effects as well as the values of the specific random maternal environmental effects on the analysed traits (Table 2 ). In the present study, no association between polymorphism c.C354T and the animal body size and conformation values were found. Different results were obtained in the analysis of body weight. Despite the positive correlation between these two traits, the discrepancy in the results may be related to the different systems of evaluation of these traits in the animals. Body weight (g) is a continuous quantitative trait, whereas the body size and conformation was assessed in accordance with the score-based standard of evaluation (discontinuous quantitative trait). Moreover the differences in the observed and expected frequency of the genotypes confirm the selection effect in the population.
The body weight in raccoon dogs differed between farmed and wild populations. On the basis of molecular markers, genetic differences between farmed and wild populations of the raccoon dog were shown, despite only 50 years of isolation of the two groups of animals. The farmed population was characterized by higher genetic variation than the wild population. The body weight in farmed raccoon dogs ranged from ca. 8 to nearly 12 kg (Ślaska et al. 2007 , 2016 Gugołek et al. 2014; Kasperek et al. 2015) . High body weight in farmed fur-bearing animals is one of the most important breeding traits, as it is positively correlated with the size of produced pelts. An equally relevant trait influencing the price of pelts is the hair coat quality. Literature provides only few publications reporting identification of QTL and polymorphisms in nuclear and mitochondrial genes associated with important performance traits in furbearing animals (Elo et al. 2006; Ślaska et al. 2007 , 2016 Ślaska 2010; Zatoń-Dobrowolska et al. 2014 ).
Conclusion
To sum up, the results of the analyses indicate a high degree of conservatism of the nuclear genes in the raccoon dog. Despite the high level of intraspecific genetic conservatism of the analysed nuclear gene fragments, there was statistically significant association of the polymorphism in the MSTN gene with the body weight in raccoon dogs, which validates selection thereof as a candidate gene for this economically most important performance trait of raccoon dogs. The present results indicate genetic determination of the conformation traits in raccoon dogs, and the values of the additive and dominance effects confirm the polygenic background of the analysed conformation traits in this species. The developed molecular test based on the PCR-RFLP technique can be potentially applied for improvement of the performance traits in farmed raccoon dogs.
